The use of computer models to predict the dynamic behavior of Space Vehicles is now a well accepted technique used to understand the natural frequencies and dynamic system responses of a complex flexible multibody system such as the International Space Station. Each new mission of the Space Shuttle after STS114, is destined to build the remaining of the International Space Station (ISS) and each new mission presents new challenges that need to be confronted during flight. One of those is the contingency plan for inspection, repair of the shuttle known as Orbiter Repair Maneuvers. The complete physical system needs to be modeled on a computer to understand the modes of vibration and to design a control system capable of controlling the proposed maneuvers. Building on the theoretical principles and procedures established in Granda, Nguyen 1 , the authors present the development of a computer model of ISS Mission 12A. As the station is built in space, here on earth, the authors build the components from scratch from generation of each component to assembly and dynamic analysis of ISS Mission12A configuration.
I. INTRODUCTION
The international Space Station is a project supported by twelve nations in which the United States and Russia play a central role. It may be helpful for the reader not familiar with the details of the construction of the Space Station to go over the initial missions already accomplished until we reach Mission 12A which is the objective of this paper. In doing this the authors also familiarize the reader with the assembly of the sequential computer models that had to be generated for prior missions in order to reach Mission 12A. Just as in the building of ISS, the computer models of modules were put together until the configuration reached Mission 12A. Missions have either and A or an R designation in their names, the A stands for American, the R stands for Russian. The following flights and configurations are listed in the order of launch 2 . __________________________ § Professor, Department of Mechanical Engineering, email: grandajj@ecs.csus.edu AIAA Member * Integrated Navigation, Guidance and Control Analysis Branch, email:louis.h.nguyen@nasa.gov AIAA Member § Graduate Student, Department of Mechanical Engineering email: montu.raval@pioneerind.com 9. Flight 12A (Shuttle Flight). Space Shuttle mission 12A resumed assembly of the ISS by delivering the P3/P4 truss segment to the port side of the ISS integrated truss assembly. The 17-and-a-half ton truss segment contains a new set of photovoltaic solar array wing, the Solar Alpha Rotary Joint (SARJ), and the Beta Gimbal Assembly to position the solar arrays for electrical power generation. When the solar arrays are unfurled to their full length of 240 feet, they will provide additional power for the station in preparation for the delivery of international science modules.
II PRINCIPLES OF SOLID MODELING-FINITE ELEMENTS DYNAMIC ANALYSIS
The flow chart ( Fig.1 ) 22 shows a brief summary of the proposed procedure to mix Solid Modeling and the Finite Element Method. First Step is to build a solid model using SOLIDWORKS OR PRO ENGINEER. The authors experimented with both of these programs in order to initiate the generation of ISS modules. Both software packages have great capabilities to build the 3D part as well as an Assembly. SOLIDWORKS was found more user friendly. The models generated by SOLIWORKS were saved and an interface to VISUAL NASTRAN4D was investigated. The second step was to translate the *.Prt(*.sdprt) and *.assemb(*.sdassemb) to a standard file format which could be read by another program such as NASTRAN4D. Once in the NASTRAN4D environment, a mesh for FEA was generated. NASTRAN4D joins the best of worlds, the Finite Element Analysis and the Multi Body analysis. After translating the file to the format like *.STEP,*.IGES or any other format which can be recognized by the FEA software, The constraints, which in this case are the joints between modules and the interface with the solar arrays were generated for each body in VISUAL NASTRAN4D. Once the mesh was done, utilizing the capabilities of NASTRAN4D the dynamic analysis for vibration, modal shape analysis and frequencies was conducted. Finally generating a plant model out of this three dimensional dynamic finite element model was investigated in order to analyze the control system. The authors have investigated also other methods to generate state space models for ISS such as those in References 24 and 25 which work with system matrices.
A. Generating Models of Preceding Missions, Configurations and Orbital Elements
Using the convention of naming the configuration number, then a step number, and a stage or flight description we can locate the exact building state of ISS. The configuration number is a specific number for each flight, which was agreed upon by NASA and RSC-E during the November 06, 2001 Assembly and Configuration Video conference 2 . The step number is the sequential order of events specifically for the current assembly sequence Data Book. Table XX provides a list of step number for each configuration. Section XX provides information on nomenclature used in the stage and flight designations. Mission 12A is also called STS-115 flight. The crew of Mission STS-115 will complete another assembly phase of the International Space Station. CSA Astronaut MacLean will become the first Canadian to operate Canadarm2 and its Mobile Base in space as he is handed a new set of solar arrays from his crewmate controlling the original Canadian robotic arm, the Canadarm. Once again, the two Canadian robotic arms will work "hand-in-hand" in space. MacLean will perform two spacewalks during the course of the 10-day mission. The model of Mission 12A presented here was originated from the early missions and assembly. Shown below are a couple of preceding configurations which were used in the development. 
1) Solid Model of Soyuz Module
Using the dimensions published by NASA, such as those in Reference 2 , each single module was individually generated.
Defining the section of the main body of the Soyuz module by 180 deg. Revolve method as shown in Fig. 4 
3) Solid Modeling of Unity Node
The section was made according the dimensions shown in Fig. 8 . Then Revolve feature was used and the section was revolved 360 degrees.
Then Plane 1 was made for the section. The section for Loft feature was made on Plane 1. Two sketches were made. One was to make the profile and the other sketch was to make path. Then the loft feature was used to finalize the model as shown in Fig. 9 . Using these techniques we modeled the Destiny module. First step was to make the sketch to extrude. The sketch was made on the TOP plane as shown in Fig. 11 . The Z1 Truss was the first permanent latticework structure for the Space Station, very much like a girder, setting the stage for the future addition of the station's major trusses or backbones. The Z1 fixture also serves as the platform on which the huge U.S. solar arrays were mounted on the shuttle assembly flight STS-97. It includes power distribution components, four flat discs that will be used to control the station's attitude, communications equipment, temperature control system hardware, space walks, extravehicular aids and power, data and coolant connections 22 . There were three new planes that were created named plane1, plane 2 and plane 3. Plane 1 was created parallel to front plane at 1.38 m distance. Plane 2 was created 45 degree angle to the front plane. And plane 3 was created parallel to top plane at 2.40 m distance. The plane 2 and plane 3 were used with the sweep feature. The plane 4 was also made parallel to plane 3 at 0.50 m distance. Plane 3 and plane 4 were used for loft feature.
6) Solid modeling Of P6 Assembly
During shuttle mission STS-97, Space Shuttle Endeavour delivered the first set of U.S.-provided solar arrays and batteries, called the P6 Photovoltaic Module, and temporarily installed the P6 Integrated Truss Structure on the Z1 Truss until it is relocated to its permanent location on the P5 Truss during a later assembly mission.
The P6 Integrated Truss Structure contains three discrete elements: the Photovoltaic Array Assembly, the Integrated Equipment Assembly and the Long Spacer. The P6, Fig 13. has four primary functions: the conversion or generation, storage, regulation and distribution of electrical power for the space station. The station derives its power from the conversion of solar energy into electrical power 22 .
Then with the help of different Extrude and Cut Extrude feature the module was finalized. The P6 assembly carries two P6 POA solar arrays. They are about 32 m long and 8 m wide. They are connected with the individual motor so they can rotate in the direction of sun accordingly. It is also important to know the structural dynamics of P6 assembly and to make sure with the help of Finite element analysis that P6 assembly can sustain weight of P6 POA solar array. 
A. SOLID MODELING OF MISSION 12A
The parts used in assembly of Mission 12A were generated using SOLIDWORKS. 2). Assembly of Zarya1-1 and Unity Node1-The third step was to assemble fourth module Unity Node1 with the help of three constraints. (1) Concentric12 -Face<1@zarya1-1> and Face<2@unity node-1>, (2) Distance6 -Right@Zarya1-1 and Right@ Unity Node1-1 (9.05M), (3) Angle6 -Front@zarya1-1@mission12A and Front@ Unity Node1-1@mission12A (0.00 Degree).
3). Assembly of Unity Node1 and Z1 Assembly -The fourth step was to assemble the fifth module Z1 assembly with the help of three constraints. (1) 
B. DYNAMIC FINITE ELEMENT MODELING OF MISSION 12A
In order to transfer the solid model from SOLIDWORKS to Visual NASTRAN4D, STEP standard format was used. There are many other formats which vN4D we tried such as IGES, Parasolid, ACIS and STL. The only problem we encounter using STEP is that the model loses any constraints that were given to it in the solid modeling software, which means some constraints need to be applied to the vN4D model to describe its kinematics movements. Mission12A vN4D model appears as shown in Figure 27 after transferring it from SOLIDWORKS solid model to vN4D, as seen the model loses its constraints. This was a problem we had to resolve to assemble the station in the way it would represent the real systems. Otherwise, simulation of the bodies showed a downward horizontal motion because of gravity and at the same time the bodies detached from each other. The list in the far left of the window is the model tree that includes all parts of which the model is built.
The best option to import the model from the SOLIDWORKS is the SOLIDWORKS assembly file or SOLIDWORKS part file. We can open the SOLIDWORKS assembly or part file in visual NASTRAN 4D in order to alleviate the problem with the constrains so that it recognize them from SOLIDWORKS (1) All modules with the rigid constraints: As we discussed earlier the model brought from SOLIDWORKS as STEP model losses all the constraints or mates as they are called in SOLIDWORKS. We needed to put the constraints in Visual NASTRAN4D. The second step was to put the same coord on the mating surface of the Soyuz module. After putting the coord we can define the constraints between two coord, as shown in Fig. 29 . The constraints between all the modules were generated in this maner. . 
C. DYNAMIC FINITE ELEMENT RESULTS OF MISSION 12A
All the modules are then meshed & included in FEA using the "Include FEA & Show Mesh" options in the individual menus of NASTRAN 4D. Tetrahedron elements were used in transforming the solid models into finite elements. The stress analysis is then performed using Finite Element analysis option & selecting the Stress Analysis option. Here the finite element model is a three dimensional dynamic model as opposed to static finite element model. This means that the deformations, the stress and vibration analysis is done as the dynamic load act on the system. This approach has the advantage of being able to produce finite element analysis on this model as the Space Station maneuvers either to change attitude, correct orbits or perform orbiter repair maneuvers. The output of the Finite Element Analysis was exported to Excel or HTML files in order to make it easier to analyze. The modes of vibration were generated from this flexible multi body model. Using the capabilities of NASTRAN4D we can select the number of modes to be generated. The results are excellent, we can obtain plots of each of the selected modes showing the deformations and also we can animate these, giving the user a complete perspective of a vibration mode at a particular frequency. Having the flexibility to specify the number of modes or the frequency range of the modes we are interested in, gives us the ability to investigate the ISS dynamic behavior over a frequency range, a very important consideration when analyzing the capabilities of the guidance and control system. Numerical tabulated results are presented in Reference 22 . The fourth step was to assemble Arm3 to arm 2. they were assembled with the help of three constraints. (1) Distance51 -face<1@Arm1-1> and face<2@Arm3-1> (0.00M), (2) Coincident42 -face<1@Arm1-1> and face<2@Arm3-1>, (3) coincident43 -Face<1@Arm1-1> and Face<2@Arm3-1> (As shown in Fig 37) The fifth step was to assemble Arm3 and Arm 4. They were assembled with the help of three constraints. (1) Distance 52 -Face1@Arm3-1 and Face2@Arm4-1, (0.00M), (2) Coincident45 -face<1@Arm3-1> and Face<2@Arm4-1>, (3) Distance 53 -Face<1@Arm3-1> and Face<2@Arm4-1> (0.60M). See Fig 38. The assembly was made according to configuration 1. It was very important in the assembly process that they assembled correctly so the constraints imported from SOLIDWORKS would be also fine. Otherwise, the constraints need to be redefined in on the NASTRAN4D side.
The sixth step was to assemble the Arm-4 and Coupling which connects to Latching end effectors. They were assembled with the help of two constraints. 
V. ASSEMBLY OF MISSION 12A AND SPACE SHUTTLE

A. DYNAMIC FINITE ELEMENT ANALYSIS OF SRMS AND STATION ARM.
The solid model for Mission 12A with SRMS and the station arm was generated using SOLIDWORKS, following the procedure outlined above. We tried a different approach for importing the model to visual NASTRAN 4D in an effort to have it keep the constraints from SOLIDWORKS We investigated many ways to import the part or assembly file to visual NASTRAN 4D like IGES, STEP files. The IGES file converts the assembly model to a single continuous model The STEP file convert model to individual parts. In STEP file converting produces a loss of all of the constraints on the NASTRAN4D side. It was necessary to put all the constraints into visual NASTRAN 4D. . We investigated a new interface mode by making Visual NASTRAN4D import interpret the SOLIDWORKS assembly files in order to preserve the constraints. This meant that now NASTRAN4D would interpret the *.sldasm (SOLIDWORKS Assembly file) files. Using this new approach, we were able to preserve most of the constraints from the SOLIDWORKS model. However a careful review of each and adjustments were done before the model could be transformed into a finite element model and dynamically analyzed, At this stage of the model development we needed to assign the real data for the physical properties of each module from the real Station and Shuttle. The system has a total mass of 290581.71kg or 19911.17 slugs which includes space station, SRMS, space shuttle and station arm with mobile base station. The next step was to change the rigid constraints to revolute constraints accordingly to the actual system. In other words, we had he ability to considered a whole assembly with the modules and arrays locked in place or to consider the actual constrains between each of the modules as in reality exisits.
Other properties besides the mass properties were specified such as the corresponding coefficients of restitution and coefficients of friction and considered the safety factors. Using this model we generated an analysis of the modes of vibration separately, the station, the robotic arms and the orbiter. in order to visualize individually the mode shapes at each frequency
The rigid and the flexible modes were able to be observed, analyzed and animated. Shown in Fig 43 and 44 are the first and sixth rigid body modes for the SRMS.
In conducting this investigation of he vibration analysis, we were successful in isolating the systems in order to speed up the computation. We included the shuttle arm in FEA and then choose to include the first 15 modes of vibration. Note that at this stage of our model development the system is represented in its true rigid-flexible configuration which in principle has an infinite number of modes. In this case we chose to examine a finite set of modes of significance. The model was analyzed with gravity turned off in order to simulate the conditions in space. In the following Figures 45-to 50 we can appreciate the vibration modes of the Space Shuttle arm in his configuration.
Figure 42. Finite Element Model of Mission 12A and Space Shuttle
Here we have the ability to produce the vibration analysis of a particular section while the whole assembly is included in the model. Therefore a particular configuration of the arms can be analyzed in place. The same is true for any configuration of the station and its solar panels. Therefore we can isolate a section of interest or consider the entire assembly in order to study the modes of vibration. Table. 1. We were able to make Visual NASTRAN 4D recognize the SRMS as individual linkages and calculate the individual frequencies for each part. The results of the vibration analysis of the modes of the Space Shuttle under this configuration are summarized in Table 2 . 
VI CONCLUSIONS
A new procedure to generate the model of Mission 12A has been developed and presented herein. It demonstrates that a simplified model which significantly keeps the important dynamics of the real system can be used for dynamic analysis of Mission 12A. This is a rigid-flexible model from which a finite number of modes has been presented here but it is able to produce any number of modes of interest. The method presented here can be used to generate models of future missions and future Orbiter Repair Maneuvers with an accuracy that is dependent on how many elements and modes are included.
The method presented here mixes technologies which are separate and distinct in their objectives. First, solid models are intended to produce parts drawings and manufacturing templates in order to produce parts. Here such capability is used to generate the geometry of the modules that build the modules of Mission 12A. The reason for this approach is that solid modeling offers us the ability to produce detailed models with great accuracy and detail as desired. These are used in fact in production of parts and detailed drawings. Now the idea here is to use these precision models and transform them into three dimensional dynamic finite element models. For this reason, the finite element models that are generated from these solid models are accurate and detailed. In this case the transformation of the solid model to a dynamic model was done investigating the best way to use SOLIDWORKS in conjunction with NASTRAN4D. This was done because of the wonderful dynamic and analysis capabilities of this package. Once the solid models are transformed into dynamic finite element models the vibration analysis including frequencies and visual modes of vibration are easily generated using NASTRAN4D.
Future work will include the development of the control system that will be integrated and simulated using a SIMULINK model linked directly with the NASTRAN4D model. The objective is to be able to reproduce the specified Orbiter Repair Maneuvers using the models of the Station Mission 12A configuration, the models of the robotic arms, the model of the Space Shuttle and the model of an astronaut at the end of an arm are the four components necessary to simulate an Orbiter Repair Maneuvers with precision including the complete system in the control loop. This is possible because NASTRAN4D has the ability to generate the system plant which can be used in the simulation and for any position of the rigid-flexible bodies' action as a complete system. Utilizing this approach the system can be exported to MATLAB/SIMULINK for the analysis and design of the Guidance and Control System. At this point then the Simulink Control System will control the NASTRAN4D mode producing a simulation of a three dimensional dynamic finite element model with its control system in real time. The authors are one step away from doing this and such is reserved for a future publication.
